ABSTRACT The clinical importance of delayed afterdepolarizations and resultant triggered activity as a cause of cardiac arrhythmias is uncertain. We studied the response of ouabain-induced delayed afterdepolarizations and triggered activity to a pacing protocol similar to those used clinically in an effort to quantify the types of responses to pacing that occur as a result of this arrhythmogenic mechanism. Isolated canine Purkinje fibers were superfused with 2 X 10-7M ouabain until delayed afterdepolarizations occurred and attained an amplitude of 5 mV at a paced cycle length of 500 msec. We then studied the induction of triggered activity in these fibers by pacing. We found that: (I) As the pacing cycle length decreased, the coupling interval from the last paced beat to the first triggered beat decreased and 83% of fibers developed triggered activity. (2) The coupling interval of the first triggered beat after single (S,) or double (S,S) premature beats was in part dependent on preceding pacing cycle lengths. S, pacing induced triggered activity in 39% of fibers, and S S pacing induced triggered activity in 48% of fibers. We then studied the termination of ouabain-induced sustained rhythmic activity by pacing: 89% of sustained rhythmic activity could be terminated by overdrive pacing at a cycle length less than or equal to 300 msec. The coupling interval of the first beat or first delayed afterdepolarization after the termination of overdrive decreased as pacing cycle length decreased. S, premature beats reset the sustained rhythmic activity and terminated 14% of sustained rhythmic activity. The coupling interval of the first escape beat or delayed afterdepolarization after S,S3 premature beats decreased as the S ,S3 interval shortened, and S,S3 terminated 26% of sustained rhythmic activity. Pacing at an S,S, cycle length of 400 msec followed by an S2 terminated 50% of sustained rhythmic activity; S,S, at a cycle length of 400 msec followed by S,S3 terminated 85% of sustained rhythmic activity. This quantitative demonstration of the responses of delayed afterdepolarizations, triggered activity, and sustained rhythmic activity to pacing may be useful in differentiating these from other mechanisms for arrhythmias. Circulation 69, No. 1, 149-162, 1984. TRIGGERED ACTIVITY, defined as impulse initiation induced by afterdepolarizations, has been produced in canine and human Purkinje and ventricular muscle fibers by digitalis,'-' catecholamines,65 and myocardial infarction.9 It also has been produced in canine and human atrial fibers by catecholamines'0' II and digitalis,'2 and in canine coronary sinus by catecholamines. 13 In the present study, we used pacing techniques that are readily applicable in the clinical setting to deter-149
TRIGGERED ACTIVITY, defined as impulse initiation induced by afterdepolarizations, has been produced in canine and human Purkinje and ventricular muscle fibers by digitalis,'-' catecholamines,65 and myocardial infarction. 9 It also has been produced in canine and human atrial fibers by catecholamines'0' II and digitalis,'2 and in canine coronary sinus by catecholamines. 13 In the clinic, a spectrum of arrhythmias that is not explained readily by either reentry or automaticity has been attributed to delayed afterdepolarizations.'4'9 However, proof of afterdepolarizations as a cause of arrhythmias in the clinical setting still is From lacking. 20 Similarly, arrhythmias resulting from myocardial infarction9-21 and digitalis intoxication22-25 in experimental animals have been attributed to delayed afterdepolarizations. Although there is stronger evidence for the role of afterdepolarizations in experimental animals than in the clinical setting, convincing proof still has not been found.
One of the major characteristics of delayed afterdepolarizations that might provide an aid to their identification in intact animals and in the clinic is their response to pacing. It has been noted that as overdrive pacing rate increases, the rate of triggered rhythms induced by afterdepolarizations tends to increase. 2. 26 It also has been found that single premature depolarizations occurring at critical cycle lengths can induce triggered activity or terminate it, a property long thought to be unique to reentry. 1. 2. 27 In the present study, we used pacing techniques that are readily applicable in the clinical setting to deter-mine the response to pacing of digitalis-induced delayed afterdepolarizations in isolated cardiac Purkinje fibers. We selected digitalis to induce delayed afterdepolarizations because this is the preparation that has been most studied in experimental laboratories and because digitalis-induced arrhythmias remain a clinical problem as well as an experimental problem. The goal of the present study was to identify the characteristics of the response to pacing that might permit guidelines more specific than those already identified'$'8 to be applied to the study of delayed afterdepolarizations and triggered activity in intact animals; our ultimate goal is to apply these guidelines to the clinical setting as well.
Methods
Adult mongrel dogs weighing 10 to 20 kg were anesthetized intravenously with sodium pentobarbital, 30 mg/kg. The heart was quickly removed through a right lateral thoracotomy and was placed in cold Tyrode's solution. Free running Purkinje fiber bundles from the right and the left ventricle were dissected from the heart and placed in a tissue bath perfused with Tyrode's solution containing (mmol/l): NaCI, 131; NaHCO3, 18; CaCl, 2.7; MgCl2, 0.5; NaH2P04, 1.8; KCI, 4.0; and dextrose, 5.5. The bundles were then bubbled with 95% 02-5% CO2 at 37°C.
We paced the Purkinje fibers at a cycle length of 500 msec and allowed them to stabilize for 1 hr. Stimuli were delivered as previously described28 with bipolar silver wires that were insulated with Teflon. Stimulus pulse width was 2 to 3 msec, and amplitude was 1.5 to 2 times diastolic threshold.
We then used the following pacing protocol: (1) We drove the preparations at cycle lengths of 1000 msec through 200 msec (decreasing in 100 msec decrements) for periods of 15, 60, and 180 sec. After each of these drive periods, stimulation was discontinued, which permitted us to observe the spontaneous rhythm. (2) We then drove the preparations for 8 beats at a constant cycle length (S,) followed by a ninth beat (S,) at decreasing coupling intervals until the effective refractory period was reached. This was done at drive cycle lengths (S,S,) of 1000, 800, 600, and 400 msec. (3) Subsequently, we drove the preparations for 8 beats at a constant cycle length (S,) followed by a ninth (S2) and tenth (S3) beat at decreasing coupling intervals. During this protocol the S S2 interval initially was 60 msec longer than the effective refractory period, and the S.S3
interval initially was 300 msec longer than the S,S2 interval. Again, we used drive (SIS,) cycle lengths of 1000, 800, 600, and 400 msec. The SIS2 was held constant as the S2S3 interval was decreased in 10 msec decrements until the S2S3 encountered the effective refractory period. At this point the SS2 was decreased by 10 msec. This sequence of steps was repeated until the tissue was refractory to the SS,.
After the initial pacing procedure, we superfused the Purkinje fiber bundles with 2 x 10-7M ouabain for 20 to 40 min. the end point for superfusion was the occurrence of delayed afterdepolarizations having an amplitude of 5 mV at a cycle length of 500 msec. At this time the ouabain superfusion was discontinued. We have shown previously that on cessation of ouabain superfusion after attainment of toxicity, the transmembrane potential remains stable for about 1 hr. 28 We, therefore, had 1 hr to repeat the pacing protocol under steady-state conditions of toxicity. In those instances where pacing induced a triggered rhythm, its response to the same pacing protocol (modified depending on the cycle length of the triggered rhythm) was determined.
The Purkinje fiber bundle then was superfused with additional 2 x 10-7M ouabain until it either generated sustained rhythmic activity or became inexcitable. For those fibers that exhibited sustained rhythmic activity, the response of this rhythm to the pacing protocol was determined. We have deliberately used the term*'sustained rhythmic activity" here for the following reason: As defined by Cranefield9 this term includes triggered activity and automaticity, as well as repetitive activity induced by reentry. In our experiments the triggered activity induced by pacing preparations that had delayed afterdepolarizations usually was less than 25 beats in duration (see Results). In contrast, the sustained rhythmic activity induced by further superfusion with ouabain lasted for many minutes. Although the latter, when it terminated, ended with a delayed afterdepolarization and presumably was a triggered rhythm occurring in the presence of greater digitalis toxicity. we have retained the term sustained rhythmic activity to emphasize its long duration.
We viewed these protocols as providing us with two types of information analogous to that which one obtains in the clinic:
first. those preparations that showed delayed afterdepolarizations but not spontaneous rhythms enabled us to study the inducibility of an arrhythmia in a situation in which the underlying mechanism (i.e., the afterdepolarization) was present, but the arrhythmia was not occurring spontaneously; second, those preparations that showed sustained rhythmic activity enabled us to study the response of a stable arrhythmia to pacing as an intervention. In those instances when the arrhythmia could be terminated, we then could study the requirements for its reinduction.
Analysis of data. Delayed afterdepolarizations were measured as described previously'; amplitude was measured from the point of maximum hyperpolarization of the membrane before the afterdepolarization to its peak amplitude, and the coupling interval was measured from the phase 0 upstroke of the action potential that induced the afterdepolarization to its peak amplitude. Other characteristics of transmembrane potential measured were maximum diastolic potential, action potential amplitude, maximum upstroke velocity of phase 0 (Vmax), and action potential duration to full repolarization. Amplitude of delayed afterdepolarizations also varied with the pacing cycle length (figure iB). The first delayed afterdepolarization increased in amplitude as pacing cycle length decreased from 1000 msec, peaking at cycle lengths of 600 to 700 msec. At pacing cycle lengths less than 600 msec, the first delayed afterdepolarization began to decrease in amplitude. The response of the second delayed afterdepolarization to pacing was qualitatively and quantitatively different from that of the first delayed afterdepolarization. The magnitude of the increase in amplitude as cycle length decreased was much greater than that for the first delayed afterdepolarization; the second delayed afterdepolarization continued to increase in amplitude as cycle length was further decreased. Increasing the duration of pacing from 15 to 180 sec did not further influence the amplitude of the delayed afterdepolarizations. This should not be construed as implying that there was no pacing influence at all on the amplitude of delayed afterdepolarizations. As has been demonstrated previously3' 5and as will be shown below, when the number of paced beats is increased from 1 to 10 or 15 there is an increase in afterdepolarization amplitude and, with this, an increase in the likelihood of their attaining threshold and inducing a triggered rhythm. However, as shown here, at any given cycle length once pacing has occurred for more than 15 sec there is no further effect on amplitude.
For those fibers in which triggered activity was induced by pacing, the relationship between the coupling in only four of the 17 fiber bundles. When triggered rhythms occurred, their rate tended to increase as the preceding drive cycle length decreased.
In eight experiments we repeated the pacing protocol a second time to determine whether triggering occurred reproducibly at the same cycle length on two successive occasions. Although triggering occurred during the second run, the cycle length at which it was initiated was reproducible in only three of 8 fibers.
Single premature beats (S2). We paced the preparations for 8 beats at each of the four primary cycle lengths (S Is equal to 1000, 800, 600, and 400 msec), and thien for each cycle length we introduced a ninth beat (S2), decreasing the coupling interval until the effective refractory period was encountered. This protocol elicited a cycle length-dependent response in the coupling interval of the delayed afterdepolarization and in the percentage of fibers that triggered.
At each of the four primary cycle lengths no fibers showed triggered activity during SIS, pacing for 8
beats. However, at each primary cycle length, the percentage of fibers that triggered increased as the SIS2
interval decreased. The following patterns of coupling intervals were seen after the S2: At S,S' drive cycle lengths of 1000 and 800 msec, those triggered rhythms that were induced by the S2 showed a longer coupling interval when S S2 was short than when S,S2was long.
For example, at a cycle length of 1000 msec, the range of SIS2 intervals studied was 800 to 360 msec, and three of 18 fibers showed a triggered rhythm. At SIS2 equal to 800 msec the cycle length of the initial triggered action potential was 930 + 70 msec, and at S1S2 600 msec, nine of 17 fibers showed trigge'red activity at SS2 equal to 500 to 340 msec (figure 3). For four of the nine fibers at S1S2 equal to 500 msec, the cycle length of the first triggered action potential was 760 ± 41 msec, and at S,S2 equal to 340 msec, it was 845 ± 64 msec (p < .05) (figure 3, A). For five of the nine fiber bundles at S1S2 equal to 500 msec, the cycle length of the first triggered action potential was 760 ± 41 msec, and at SIS2 equal to 340 msec, it was 661 ± 112 msec (p < .01) ( figure 3, B) . figure 4 . This curve is virtually superimposable on that in figure IA. We then determined whether overdrive pacing abruptly terminated triggered activity, resulting in a delayed afterdepolarization only, or whether it gradually terminated triggered activity (in which case triggered activity persisted for 1 to 10 beats followed by quiescence), or whether pacing was followed by continuation of triggered activity for 25 beats or more. In all instances, we determined whether the re- The response of the two preparations whose cycle lengths were between 700 to 900 msec was different from that described above. Here, as the S,S, coupling interval was shortened from 300 to 180 msec, the sustained rhythmic activity did not cease, and the escape interval was unchanged.
Single premcatlure beats (S,) ifte^r 8 paced beats ait a constant cycle length (S5). The S,S, cycle length selected was determined by the cycle length of the sustained rhythmic activity and was either 800, 600, or 400 msec.
Three preparations were studied at a S,S, cycle length of 800 msec. Decreasing the S,S, interval from 700 to 320 msec had no consistent effect on the escape interval but did terminate one of the three rhythms. At S,S, equal to 600 msec, initiation of an S, terminated three of seven rhythms studied. For the other four, decreasing the S,S, interval from 500 to 300 msec had no effect on the escape interval; i.e., the escape interval was 701 ± 58 msec at S1S1 equal to 500 msec and 680 ± 31 msec at S1S, equal to 300 msec (p > .05). A different result was seen at S5S, equal to 400 msec (figure 8). In nine of the 13 rhythms studied, as S,S2 was decreased from 380 to 210 msec, the escape interval decreased from 613 ± 63 msec to 440 + 46 msec (p < .001). In four of the 13 rhythms, as the S,S interval was decreased from 380 msec to 240 msec, the escape interval increased from 563 -+-127 msec to 61 1 + 120 msec (p < .02). Seven of 13 rhythms could be terminated by initiating S, at a S,S, equal to 400 msec.
Termination was reproducible at a critical cycle length during successive runs in only one of four preparations in which this was studied.
Twvo premature beats (S,S3) aijter 8 beats at a constant cycle length (S,). The S,S, cycle lengths studied were 600 and 400 msec. At S,S, equal to 600 msec, as the S,S3 coupling interval was decreased from 300 to 190 msec, the coupling interval of the first escape beat did not change significantly (661 ± 40 to 575 ± 62 msec, p > .05). Three of five rhythms studied at S,S, equal to 600 msec were terminated at short S,S3 intervals. At a S S cycle length equal to 400 msec, as S,S, was decreased from 300 to 190 msec, the escape interval decreased CIRCULATION from 519 + 40 to 444 ± 36 msec in seven fibers studied (p < .005). Six of the seven rhythms were terminated. Termination of these rhythms was preceded by 1 or 2 triggered beats in three of the six fibers. Termination of triggered activity was reproducible at a critical cycle length during successive runs in only one of three preparations in which reproducibility was studied.
Discussion
In this study, we used digitalis as a means to induce delayed afterdepolarizations and sustained rhythmic activity, and then used a pacing protocol to identify the responses to pacing that were characteristic of the mechanisms studied. In so doing, we made two assumptions: first, that sustained rhythmic activity studied in the tissue bath was analogous to digitalis-induced tachycardias in the heart in situ; second, that the initiation of triggered activity in preparations having delayed afterdepolarizations but no spontaneous arhythmias was analogous to induction of an arrhythmia in the heart in situ. It would be helpful if we could assume that all sustained rhythmic activity induced by digitalis would be triggered by delayed afterdepolarizations. Although there is evidence to support this (i.e., the sustained rhythmic activity was preceded by delayed afterdepolarizations and, when it terminated, was followed by one or more delayed afterdepolarizations), there remains the possibility -for those rhythms that never terminated -that they might have been the result of an abnormal automatic mechanism. It also should be stressed that although one might attempt to apply the responses to pacing seen in this study to all rhythms induced by delayed afterdepolarizations, we can state only that they are characteristic of digitalis-induced rhythms. Whether triggered activity induced by catecholamines, infarction, and other interventions is the same or different from that induced by digitalis remains to be seen. That some ditferences exist is suggested by the observation that whereas delayed afterdepolarizations induced by catecholamines in simian mitral valve show an increase in amplitude as drive cycle length is decreased, their coupling interval FIGURE 7 . The influence of two programmed premature beats (SS3) on the escape interval of the sustained rhythmic activity (on vertical axis, represented as coupling interval) after the second programmed premature beat. A, Four sustained rhythms whose basic cycle length was between 300 to 500 msec. B, Five sustained rhythms for which basic cycle length was between 500 to 700 msec. C, Two sustained rhythms whose cycle length was between 700 to 900 msec. The SIS3 coupling interval (horizontal axis) is the coupling interval between the first and second programmed premature beats. on membrane potential, automaticity may or may not be suppressed by overdrive and, when suppressed, it then recurs.38 39 Reentry, like digitalis-induced sustained rhythmic activity, can be terminated by pacing.40 '42 This may occur abruptly on cessation of pacing,41'42 or there may be several "afterbeats" following the cessation of pacing. 40' 43 It would be useful to obtain precise information about the frequency of afterbeats in reentrant rhythms, since this might help in discriminating between triggered and reentrant rhythms.
Single programmed premature beats usually reset digitalis-induced sustained rhythmic activity, although in the present study they did terminate 14% of such rhythms (usually at short S,S2 coupling intervals). We must stress, however, that such termination was not consistent and reproducible in any one preparation. This response differs quantitatively from that of reentrant rhythms, which reportedly are terminated abruptly by S2 80% of the time in experimental animals39' 43X6 and 50% to 60% in human subjects.41'42 Moreover, there is another important difference: that is, in reentry, termination by single premature beats at critical cycle lengths usually is consistent and reproducible; in the present experiments on triggered activity, consistency and reproducibility were not high. While dissimilar to reentry, the response of sustained rhythmic activity to S2 is similar to the responses of automatic rhythms, which can be reset by single premature beats. 38 The use of double premature beats (S2S3) without prior paced beats terminated 27% of digitalis-induced sustained rhythmic activity. In the remaining 73%, the recovery cycle length of the arrhythmia decreased with the prematurity of the S2S3. This relationship also occurs in studies that use S2S . With respect to automatic rhythms, it had been assumed for some time that they could not be induced by premature stimulation. However, Janse and Van Capelle49 have suggested that under appropriate circumstances in the ischemic heart an automatic focus may be triggered by a premature impulse. This observation still awaits direct experimental verification.
Once a reentrant or a triggered arrhythmia has been induced by pacing or premature stimulation, it tends to be stable. For both mechanisms there may be instability for a few beats (and either acceleration or deceleration), but thereafter variability is small (less than 5% for triggered rhythms). The vast majority of the triggered rhythms that were induced were not sustained (less than or equal to 28% persisting for more than 25 beats). One might interpret these results as indicating that most triggered rhythms, by definition, are not sustained. One cannot accept this conclusion, however, when one considers that the majority of the sustained rhythmic activity that occurs with digitalis toxicity appears to be the result of triggered activity. This suggests that triggering can be as sustained an arrhythmia as reentry.
